Abstract. In this paper, a fuel cell hybrid vehicle powertrain emulator is proposed as a feasible test bench for validating energy management strategies. Firstly, the configuration and structure of the emulator is briefly presented, and a fuel cell and lithium-ion battery hybrid vehicle model based on the data obtained from a real fuel cell-battery hybrid light electric vehicle is used for testing the stability of the emulator. The comparative experiment demonstrates a power simulation error of 3.848%. Secondly, a fuzzy logic algorithm-based energy management strategy was implemented on the emulator with an objective of optimizing the energy distribution between the fuel cell stack and battery pack via the corresponding rules and membership functions. Finally, an experiment test embedded the energy management strategy on the emulator is carried out during the urban dynamometer driving schedule (UDDS) cycle. And the results indicate that the fuel cell stack works primarily in low-load and constant driving conditions. Meanwhile, the battery pack supplies the dynamic instantaneous power to meet the power requirements during high-load conditions. It is fully consistent with the proposed energy management strategy. That is, the proposed emulator is a reliable platform for further energy management research.
Introduction
Fuel cells are considered to be one of the most promising new energy sources for vehicles in the 21st century because they have many attractive features, including zero emissions, high efficiency, and high energy density [1, 2] . Le Duigou and Smatti [3] provided a comparison among different emerging powertrain configurations for vehicles, the outcome of the study emphasized that there will be a vast market for developing FCEVs (fuel cell electric vehicles). Furthermore, duo to the need for high performance of dynamic response and power regeneration, most fuel cell systems combine a fuel cell stack with auxiliary energy devices. Mohammed et al. [4] developed and compared two models, ICE vehicle and hybrid FC/battery vehicle, with a driving cycle, they found that the performance of the FC/battery hybrid vehicle is much better than ICE one regarding to emissions, fuel economy, efficiency and speed tracking error. In a hybrid energy system, the advanced energy management strategy plays a key role in improving performance and reducing fuel consumption. Erdinc et al. [5] designed a wavelet-fuzzy logic based hybrid vehicular power system that consisted of fuel cells, batteries and ultra-capacitors. The result showed that it is possible to promote fuel economy by nearly 8% using fuzzy-logic control.
In this study, a Powertrain-in-the-Loop (PITL) system was developed to evaluate and benchmark advanced technologies for FCEVs. In particular, the system verification and dynamic performance of the simulated fuel cell hybrid vehicles are analyzed by road tests of a fuel cell golf cart demonstrator and a fuzzy logic based energy management.
Hydrogen as a Fuel in Internal Combustion Engines

Fuel Cell Hybrid Vehicle Powertrain Emulator Architecture
The emulator system architecture is shown in Fig. 1 (a) : The propulsion and load are provided separately by electric motor (20 kW / 320 VDC) and dynamometer (30 kW / 380 VAC) powered by 90 lithium iron phosphate battery cells connected in series (288 VDC, 40 Ah) and a 180-cell proton exchange membrane fuel cell (PEMFC) stack (15 kW). A parallel-hybrid structure is used for the connection mode between the battery pack and the fuel cell stack. A CAN bus is used for the system communication. The software in the Industrial PC (IPC) interacts with each physical system through the CAN communication card. The operating process includes receiving status information from each subsystem, analyzing the data through an embedded control algorithm and sending a control command to each subsystem. The physical subsystem of the emulator is shown in Fig. 1 (b) . Each subsystem is marked with letters that correspond to components in Fig. 1 (a) . The software is designed with two main test patterns, including key components performance test and energy management simulation. The former pattern is used for performance and efficiency analysis of key component subsystems, which include a drive motor system, a lithium-ion (Li-ion) battery pack system and a fuel cell stack system. The energy management simulation pattern uses the forward-facing and backward-facing simulation method in ADVISOR [6] , including the standard driving cycle simulation and the real-time driving simulation. The standard driving cycle simulation is designed to analyze a hybrid vehicle performance under a standard driving cycle using different energy management algorithms. Conversely, the real-time driving simulation is designed for real driving simulation.
System Robustness and Accuracy Verification Test
HySA Systems and Validation Centre realizes projects under the Key Programme 3 Hydrogen Fueled Vehicles funded by the Department of Science and Technology in South Africa [7] . The work of Tolj et al. [8] in this program concerned development of a fuel cell -battery hybrid powered light electric vehicle with 1.2 kW PEMFC system. The output of the experimental work showed that the driving range could be increased by 63% to 110% when the storage quantity of a hydrogen fuel achieves 55% to 100% of the maximum capacity.
The robustness and accuracy of the fuel cell hybrid vehicle powertrain emulator was verified by using real data obtained from the noted hybrid golf cart vehicle. First, the golf cart driving test was conducted on campus. Then, the simulation was performed on the emulator by using the logged driving data and the corresponding vehicle model. The simulation error rate was computed by comparing the system demanded power between the real values recorded from the golf cart and the results generated from the emulator. The demanded power comparison curve between the golf cart driving test and the emulator simulation is shown in Fig. 2 . As observed from the result, the emulator data can be well-fitted to the golf cart's demanded power. By calculation, the demanded power simulation error rate was 3.848%. 
Proposed Energy Management Control Strategycial
After conducting a reliability and accuracy verification test, fuzzy logic-based energy management was implemented and validated in the emulator. In the additional study, a golf cart was also used as the prototype vehicle. However, to increase the degree of hybridization, the maximum output power of the fuel cell stack was adjusted to 5 kW. Detailed model parameters are shown in Table 1 . A fuzzy logic system [9] based energy management strategy was implemented in the experiment. The proposed fuzzy logic control algorithm has two inputs and one output. The inputs are the Li-ion battery state of charge ( soc Li ), and the power demanded by the vehicle electric motor ( need P ). The output is the DC/DC converter ( dc I ) current, which determines the fuel cell stack output power. Detailed information concerning fuzzy logic control algorithm is provided in Fig. 3 (a) .
The energy relation can be described by the following equation:
V is bus voltage and Li I is a Li-ion battery pack current. The composition (max-product) and inference (product) are used for fuzzification according to the following formula Eq. 2, where ( ) x µ is membership function, x is the Li-ion battery state of charge and y is the power demanded by the vehicle electric motor. 
The above description and formulas result in the definition of three high-level rules, as follows: Rule 1: The membership rule (table 2) , according to the inputs and outputs, show that the SOC value is divided into five levels and the demanded power is divided into 3 levels. Corresponding with each pair, the DC/DC converter current matches the appropriate level, which may be B2, B1, M, S1, S2 and 0. The membership functions are presented in Fig. 3 (b) .
In addition to this rule, the other two rules are defined to protect the fuel cell stack. Rule 2: The DC/DC converter's maximum current increase rate is 1 A per second. Rule 3: The DC/DC converter output current needs to be set to 0 when the emulator regenerates the energy breaking to a Li-ion battery pack.
The height defuzzifier method is used for defuzzification by Eq. 3 and Eq. 4. Where y is DC/DC converter output current. 
Result and Discussion
Performance of Fuel Cell Stack
Variation of the fuel cell stack current, voltage and output power during a UDDS cycle test is shown in Fig. 4 (a) . A glance at the figure reveals striking similarities between the fuel cell stack power and current. Furthermore, the fuel cell stack voltage presents a reverse trend. It is evident that all data experienced considerable fluctuations during the test. The stack voltage fluctuated at approximately 160 V in the absence of output power. Although the load was applied, particularly during the 200s, the exponential growth is noted in data among both the stack power and the current; the stack voltage concurrently plugged in to a low of approximately 118 V. The phenomenon may be attributed to the fuel cell stack's dynamic characteristic. Fig. 4 (b) is the result concerning the characteristic of the fuel cell stack. The black dots provide the stack current and voltage data during the UDDS cycle test, whereas the red line indicates the nonlinear fitting curve of the stack polarization curve and the model equation presented in the table. That the experimental result is quite well-fitted by the fitting curve is also noteworthy. Fig. 4 (c) illustrates the relation between hydrogen consumption and driving distance. Increasing from 0 km at the beginning to 1.3 km in 120 seconds, the vehicle subsequently stops for approximately 80 seconds. This was followed by a period of exponential growth, with the driving distance increasing approximately 3.5 km in 170 seconds. The subsequent test, however, brought a sustained climb in this figure. In addition, the hydrogen consumption presents surprising similar trends to the driving distance. It is interesting to note that the hydrogen flow rate revealed a similar pulse signal every 30 seconds, which is caused by a hydrogen purge operation. In total, 632.49 SL of hydrogen was used during the 11.99 km test. Considering the hydrogen density, the hydrogen consumption was equal to 0.469 kg per 100 km, and 2.157 kWh per 100 km of energy was consumed from the fuel cell stack. 
Performance of Li-ion Battery Pack
In Fig. 5 , there are four graphs that provide a comparison of variation in the battery system during the test. It is evident from the information provided that the battery pack voltage is far steadier than the fuel cell stack, for which the maximum fluctuation of battery pack voltage during the test is only 12 V. This low fluctuation occurs because the fluctuation track of the current is consistent with output power. With regards to the SOC value, the entire process experienced a steady fall at a negligible rate to approximately 45 percent. It is fascinating to note that the battery pack obtained energy at the vehicle's deceleration time. According to the calculation, 454.30 kW of energy was recovered during the test; this greatly improved the energy utilization efficiency. The total energy supplied by Li-ion battery pack was 3.14 kWh per 100 km.
Performance of Hybrid System Operating According to a New Energy Management Strategy
The performance of the energy sources is discussed in the above sections. The graphs provided show the characteristic difference between the fuel cell stack and the Li-ion battery pack. Consequently, a DC/DC converter was integrated into the system, with a sustaining stabilized fuel cell stack output voltage. Furthermore, the DC/DC converter was used to control the fuel cell stack output power.
The information supplied in Fig. 6 (a) illustrated the output power comparison between the fuel cell stack and the Li-ion battery pack under the UDDS cycle test. Not surprisingly, the Li-ion battery pack output power presents considerable fluctuation during the test. In addition equally predictable is the fact that the output power from the fuel cell stack is far less likely to bounce than the battery pack. Interestingly, at approximately 200 seconds, there was a sharply increase in the demanded power graph; however, the Li-ion battery pack nearly loaded all the instantaneous power. During the ensuing 100 seconds, the output power from the fuel cell stack sustained a climb to approximately 4.5 kW; thus, a the driving demanded power was loaded by those two power resources. This mode of operation largely alleviates the fuel cell system's dynamic requirement. In addition, as discussed above, it clear that the Li-ion battery pack absorbed the braking energy. However, an upper limit of the SOC value was set in the energy management system to prevent the risk of overcharge. Thus, it is reasonable to surmise that the cooperation of two types of energy sources is in accordance with expectations. Fig. 6 (b) presents a column graph comparing the power distribution among the battery pack and fuel cell stack during the test. As expected, the distribution of the fuel cell stack power is far more likely to be concentrated than the Li-ion battery pack. The reasons associated with this trend are as follows. The fuel cell stack power is designed to be 5 kW in the model and, considering the power density of the Li-ion battery is much higher the than fuel cell, the battery pack, in energy management, is designed to load the system dynamic demands. Conversely, the fuel cell stack is designed to work during low-load driving conditions. Finally, the detail cycle and consumption parameters are presented in Table 3 . Power distribution between the fuel cell stack and the Li-ion battery pack. 
Conclusion
In the paper, a fuel cell stack and Li-ion battery pack that paralleled a hybrid vehicle emulator were introduced. The reliability of the fuel cell hybrid vehicle powertrain emulator was validated, and a negligible 3.848 percent simulation deviation was calculated during the test between real values and the simulated model. It is apparent from the results that the emulator is able to ensure the simulator's accuracy. Next, a fuzzy logic system-based energy management strategy was designed and implemented in the emulator. The results clearly show that the fuel cell stack energy distribution is concentrated, and the Li-ion battery pack loads dynamic demand; these are fully consistent with the concept of an energy management strategy. However, it should be noted that the certain shortcomings remain in the system, i.e., it is difficult for the testers, who have no programming experience, to embed their own control algorithms. In addition, the modularity of the physical system should be strengthened. For the current system, for example, when the fuel cell stack needs to be replaced, the entire fuel cell control system and DC / DC input and output range must be redesigned. Therefore, in the next stage, the user interface development of the control algorithm and the independence development of a physical sub-system will be the focus.
